ABSTRACT High-resolution solar observations of about 100 pure rotation lines of the i; = 0, 1, 2, and 3 levels of the X 2 H electronic state of OH have yielded a very accurate value of the solar abundance of oxygen, log N(0) = 8.91 ± 0.01, in perfect agreement with that deduced from the two [O i] lines. Moreover, the present work strongly supports the recent OH electric dipole moment function of Werner, Rosmus, and Reinsch rather than other theoretical results.
I. INTRODUCTION
Recently, pure rotation lines of OH have been identified in the solar infrared spectrum (760 to 960 cm -1 ; 10.5 to 13 gm). Goldman et al (1981 ) reported the presence of rotation lines belonging to the X 2 H, p = 0 state, and Blatherwick et al (1982) extended the identification to lines belonging to i; = 1 and v = 2 on solar spectra obtained from a balloon (resolution 0.02 cm -x ) and on spectra taken at the South Pole (same resolution). Very recently, studied lines from i; = 0 (N" = 24 to 31), measured on these spectra, and derived a new value of the solar oxygen abundance, A 0 = 8.84 ± 0.03 (where A 0 means log N 0 /Nh + 12).
In the present work, we analyze pure rotation lines of OH belonging to z; = 0, 1, 2, and 3, measured on high-resolution, low-noise spectra obtained at Kitt Peak National Observatory in order to refine the very important solar abundance of oxygen and to investigate the electric dipole moment of OH.
The interest in the accurate knowledge of the CNO abundances has been reviewed by Lambert (1978) . To these points we should add the great interest of the O/C ratio in the photochemistry of comets (Delsemme 1977) , for our knowledge of the condensation and fractionation processes which occurred during the early phases of the formation of the solar system (Anders 1983) , and also the very large contribution of O and C to Z (abundance by mass of all the elements different from H and He ; very important data in stellar structure calculations): O contributes about 50% to Z (and C about 20%) . The accuracy of Z therefore depends very much upon the accuracies of the solar O and C abundances. 1 Operated by the Association of Universities for Research in Astronomy, Inc., under contract with the National Science Foundation.
2 Visiting Astronomer, Kitt Peak National Observatory.
II. SOLAR OBSERVATIONS The OH lines have been measured on high-resolution, lownoise solar spectra obtained at Kitt Peak National Observatory with the Fourier transform spectrometer (Brault 1979) in the atmospheric window from 760 to 960 cm -1 . In addition to the lines belonging to p = 0, 1, and 2 previously identified by Blatherwick et al (1982) , we have been able to identify without any doubt very weak lines belonging to p = 3 (N" = 27 to 32; see Table 4 ). In the absence of laboratory data, these identifications have been made possible by the use of positions predicted by Goldman, Gillis, and Coxon (1983) on the basis of molecular constants derived from the solar data of Blatherwick et al (1982) and from previously existing data concerning the X 2 H state. In the spectral region analyzed, atmospheric absorption is not negligible. To avoid considering OH lines which are contaminated by telluric lines, we carefully examined the solar lines on two spectra corresponding to ~1.3 and ~3.0 air masses, respectively. This allowed us to reject heavily contaminated lines from our sample. Figure 1 shows an example of our solar spectra.
The equivalent widths of the nonblended OH lines have been measured very carefully on large-scale drawings of the solar spectra. Weights ranging from 1 to 3 have been attributed to each line; they reflect the difficulty of placing the local continuum and its effect on the accuracy of the equivalent width measurements (3 : very symmetrical profile with a well determined continuum; 2: symmetrical profile but the continuum cannot be placed with accuracy; 1 : slightly blended profile). The strongest among the observed OH lines have equivalent widths, 1%, of about 1. of , for which they give an accuracy of 5 %, is extremely encouraging : we found that the mean value of the ratio W a (this work)/!^ (Goldman et al) is equal to 0.
984 ± 0.066. Therefore we believe that the general accuracy of the solar equivalent widths might even be better than 5 %.
Our results are shown in Tables 1-4 , where we give successively the line designation [we only give the N" value of each group of four lines : their complete designations are R2f(J" = N" -¿), RUN" + n KieiN" -n and R lf (N" + i), respectively], the solar and calculated wavenumbers, the weight attributed to each line, the measured equivalent width (W a in mK), the resulting solar abundance of oxygen, and any relevant remarks.
Our solar wavenumbers agree to within 1 or 2 mK with those published by Blatherwick et al. (1982) for the lines with p = 0, 1, and 2. For i; = 1, we have extended the identifications up to N" = 34. For p = 2, we extended the identifications up to N" = 37 ; we notice that the differences between the solar and calculated wavenumbers are increasing for high N" values. For p = 3, we systematically searched for the OH solar lines around their calculated positions (Goldman, Gillis, and Coxon 1983) . We have been able to identify lines up to N" = 32, the disagreement between the solar and predicted wavenumbers increasing with N".
The slight disagreements between observed and predicted line positions for high N" values of the p = 2 and for all the p = 3 lines are not at all surprising because the predicted data are based on molecular constants derived from more restricted ranges of v and N". It is now to be expected that these new solar data could perhaps help to refine the already accurate molecular constants for the OH ground state. where a is the line wavenumber and ^N> N " is the line intensity factor (Bennett 1970) . Note that in , the expression given in section 3 for the Einstein T-value has to be divided by ¿/j,; however the numerical values in their Table 1 are correct.
a) The Electric Dipole Moment An accurate value of the dipole moment has been measured by Meerts and Dymanus (1973) , D = 1.6676 ± 0.0009 Debye, corresponding to p = 0, J = 9/2. No other experimental values exist for higher p and/or J values. The dependence of D against p and J (or N) has therefore to be derived from ab initio calculations of the variation of D with the interatomic distance, r, performed by different authors (Stevens et al. 1974; Chu, Yoshimine, and Liu 1974; Meyer and Rosmus 1975; Langhoff et al. 1982; Werner, Rosmus, and Reinsch 1983) .
Dr. E. van Dishoeck (Leiden) kindly computed for us the matrix element D vN ' N " for the values of p, AT, and N" of interest here and using the different dipole moment functions mentioned above. Her results scaled (by only 2%) to the experimental value for p = 0, J = 9/2 (N = 5) are shown in Figure 2 for the recent dipole moment function obtained by Werner, Rosmus, and Reinsch (1983) . These values of D vN > N >> have been adopted in the present work (see § IV for discussion). From Figure 2 we note that the value adopted by , D = 1.691 Debye, for all the p = 0 lines, appears to be a good mean value in agreement with van Dischoeck's calculations.
b) Model Atmosphere and Continuum Opacity
We adopted the photospheric model of Holweger and Müller (1974) , with a much larger number of optical depths. Arguments in favor of this model have been given by Lambert (1978) , Lambert and Luck (1978) , Blackwell, Shallis, and Simmons (1980), and Biémont et al. (1981) . We also used a microturbulent velocity of 0.9 km s -1 as found by Simmons and Blackwell (1982) . In practice, the OH lines are not sensitive to the uncertainty of about 0.1 km s -1 in the microturbulence. Although they seem to be very weak (even the strongest lines of OH have a central depth of at most 8 %), the lines belonging to p = 0 and 1 are already slightly saturated, as can be seen from Figure 3 . The difference in behavior between the visible (2500 nm) and the spectral region of interest here (210.5-13 pm) comes mainly from the much higher continuous opacity in the infrared.
The continuous opacity between 10.5 and 13 pm is mainly produced by free-free transitions in H _ . John (1979) has recomputed this absorption coefficient and discussed previous results often used. As John's results are in close agreement with those of Stilley and Callaway (1970) , adopted by Kurucz (1970) in his opacity codes, we used Kurucz's opacities in the present work. These opacities should be accurate to a few percent in the wavelength range of interest here.
The dissociation energy of OH is well known; we adopted D 0° = 4.392 ± 0.002 eV (Carlone and Dalby 1969).
IV. RESULTS AND DISCUSSION Our solar abundance results are given in Tables 1-4 ; they are also plotted in Figure 4 where we show the solar abundance of oxygen derived from each line as a function of the excitation energy of the lower level, E low '\ in cm -1 , for the unblended lines of p = 0 (AT" = 22 to 31), p = 1 (AT" = 24 to 34), p = 2 (AT" = 26 to 37), and p = 3 (AT = 27 to 32). From Figure 4 , it can be seen that the dispersion of the results is extremely small and that there is no variation of the oxygen abundance with the excitation potential of the lower level. We recall that these results have been derived with the matrix elements computed by van Dishoeck using the dipole moment function very recently calculated by Werner, Rosmus, and Reinsch (1983) . Adopting a very slightly different dipole moment function, like the ones found by Chu, Yoshimine, and Liu (1974) or Stevens et al (1974) , would lead to a slight but noticeable dependence (increase) of the oxygen abundance with £ low " for the high-excitation lines (see insert A in Fig. 4) .
From the absence of correlation between the solar abundance results obtained using Werner et a/.'s dipole moment function and the excitation potential of the lower level, it is tempting to conclude that Werner et a/.'s is the correct result for the dipole moment function of OH, at least in the internuclear distance range, 2.0 < r < 2.3 a.u. (van Dishoeck 1983) .
We also confirmed that the use of a model atmosphere different from that of Holweger and Müller (1974) , such as the model of Vernazza, Avrett, and Loeser (1976) , leads to a very strong correlation between abundance and excitation energy (see insert B to Fig. 4) as already found and discussed by Figure 4 (and also Tables 3 and 4) shows that a few lines (represented between parentheses in this figure) lead to abundances systematically lower than the other lines. This has been a challenge for some time. But we soon noticed that these lines are never far away from the solar emission lines discovered by Murcray et al (1981) and by Brault and Noyes (1983) , and discussed by Goldberg (1983) . The strongest of these lines, very recently identified by Chang and Noyes (1983) as transitions between Rydberg states in Mg i and Al i, are clearly visible on our spectra taken at the center of the solar disk and appear as very broad absorption lines together with central emission peaks. The absorption features decrease and disappear whereas the emission peaks strengthen when the spectra are taken progressively nearer to the limb (Brault and Noyes 1983) . The Werner, Rosmus, and Reinsch (1983) have refined these previous calculations. Insert B shows a comparison of the results obtained using the model of Vernazza et al. (1976) with the present ones.
width of the absorption features associated with these lines is about 10 times or more larger than normal solar lines in this spectral region. The absorption depths are small: ~2.5% for the strongest one at 811.575 cm -1 . Suppose a line of OH falls in the far wing of such a broad absorption feature, and assume the absorption caused by this feature is 0.5 % of the normal continuous intensity. To produce such a faint absorption requires in this spectral region a line opacity which is as large as 12.5% of the normal continuous opacity. When this extra opacity is taken into account, the abundance derived from the OH line has to be increased by 0.05 dex! For a 1 % absorption, the increase in abundance is 0.10 dex. This shows that even very small solar absorptions can have nonnegligible effects on abundances in this spectral range.
The explanation of the low abundances found for some OH lines is therefore straightforward. For example, the four lines between 808.949 cm -1 and 810.274 cm -1 (v = 2, N" = 21) and the three lines between 847.708 cm -1 and 848.313 cm~^ (v = 3, N" = 32) which lead to lower abundances than the other OH lines fall in the immediate vicinity of absorption features with emission peaks [810.344(?) , 810.360 (7), 810.704(A1 i), 811.575(A1 i), 811.709 (7); 848.010(Mg i), 848.060(Mg i); Brault and Noyes 1983; Chang and Noyes 1983] . Taking into account the extra opacity due to the presence of these solar absorption features would lead to an increase of the abundance results. As this correction cannot yet be computed with accuracy, we prefer not to take these lines into account. For the same lines belonging to v = 0, derived A 0 = 8.84 ± 0.03 using the same model atmosphere, the same molecular data and equivalent widths, in excellent agreement with ours as discussed in § II. We have no explanation for this discrepancy of 0.07 dex between our results and those of Goldman et al
The final weighted mean abundance of oxygen, including all the lines, is A 0 = 8.911 ± 0.004 (81 lines). Although the OH lines are very sensitive to the model atmosphere (because OH is a minor constituent as compared to the neutral O and H abundances), the oxygen abundance derived from our analysis is in very good agreement with the abundance derived from the two forbidden lines of O i 2630.0 and 2636.3 nm, which are much less temperature sensitive than the OH lines (because the neutral oxygen is much more abundant than any other oxygen species), and are recommended by Lambert (1978) as primary indicators of the solar abundance of oxygen. Actually, repeating the calculations using Lambert's solar data for these two lines and the solar parameters adopted for the study of the OH lines leads to A 0 = 8.921 ± 0.015, in perfect agreement with Lambert {A 0 = 8.92). It has to be pointed out here that recent oscillator strengths computed by Mendoza and Zeippen (C. J. Zeippen, private communication) with an uncertainty of 10%, would lead to A 0 = 8.891 from the two [O i] lines. Therefore, we can safely adopt A 0 = 8.91 ± 0.04 (where the quoted error mainly comes from the uncertainty of the transition probabilities) as the oxygen abundance derived from the two [O i] lines, a result which is practically independent of the adopted model atmosphere (using the model of Vernazza, Avrett, and Loeser (1976) instead of the Holweger-MUller model would lead to A 0 = 8.909) as already shown by Lambert (1978) .
It is therefore very satisfying to see that the oxygen abundance derived from the OH lines (for which the equivalent widths and transition probabilities are known with accuracy, but which are sensitive to the model atmosphere used) is in perfect agreement with the abundance derived from the two forbidden O i lines (for which the equivalent widths are known with accuracy, which are insensitive to the adopted model atmosphere, but for which the transition probabilities are known only to within about 10 %). This is another argument in favor of the Holweger and Müller (1974) model.
A remark can also be made concerning the solar carbon abundance. From the forbidden line of C i at 2872.7 nm, a superior abundance indicator, Lambert (1978) found A c = 8.69. The transition probability of this line has been recomputed by Nussbaumer and Rusca (1979) and confirms to within 0.01 dex the value adopted by Lambert. Therefore the value of A c = 8.68 we recomputed from this [C i] line should be accurate. The O/C ratio becomes, using our oxygen abundance result, A 0 -A c = 0.23 (O/C = 1.70), in agreement with the value A 0 -A c = 0.23 ± 0.03, found by from selected combinations of atomic and molecular lines, not including the OH pure rotation lines.
VI. CONCLUSIONS This study of the pure rotation lines of OH in the infrared solar spectrum (760-960 cm -^ has permitted us to extend the identifications to higher N" values for lines belonging to v = l and v = 2 and to identify lines belonging to i; = 3. From the analysis of a large number of lines we derive a very accurate value for the extremely important solar abundance of oxygen, A 0 = 8.91 ± 0.01; we also deduce arguments in favor of the best value of the dipole moment function of OH (Werner, Rosmus, and Reinsch 1983) and further arguments in favor of the Holweger and Müller (1974) model atmosphere.
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